A key step in the chlorine cycle is the reduction of perchlorate (ClO 4 -) and chlorate (ClO 3 -) to 16 chloride by microbial respiratory pathways. Perchlorate-reducing bacteria and chlorate-reducing 17 bacteria differ in that the latter cannot use perchlorate, the most oxidized chlorine compound.
140
assembly, reads were mapped back to each assembly using the Burrows-Wheeler Alignment Tool 
146
Briefly, contigs >2,000 bp were manually binned into genomes using the hierarchical clustering 147 generated from sequence characteristics and read coverage. When multiple genomes were present 148 in a single assembly, contigs were binned into metagenome-assembled genomes (MAGs).
149
Because perchlorate and chlorate respiration involve horizontally transferred genes that are 150 subject to poor assembly, the BLAST feature in Bandage v. 0.8.0 (Wick et al 2015) was used to 151 identify key genes and confirm their presence and absence in genomes as previously described 152 (Barnum et al 2018) . The completeness and contamination of each genome and metagenome-153 8 assembled genome was measured using CheckM (Parks et al 2015) , which measures the single 154 copy genes expected within a lineage and defines contamination as redundant genes with less 155 than 90% amino acid identity. Structural annotation of genomes was performed using Prokka v. 
253
quality draft metagenome-assembled genomes (MAGs) and one medium-quality draft MAG from 254 mixed cultures ( Figure 1B ) ( Supplementary Table 4 ). Every less-abundant MAG was either at 255 low relative abundance (0.9-9.5%) or in the same taxonomic family as the most-abundant MAG,
256
which likely caused the failure to detect contaminating strains through 16S rRNA gene 257 sequencing. Annotation of MAGs and assembly graphs identified genes for perchlorate reduction 258 (pcr, cld, and a terminal oxidase) in only nine genomes. Unexpectedly, while perchlorate and 259 acetate, a non-fermentable carbon source, were the only energy substrates available in the growth 260 medium, MAGs lacking pcr were the most abundant organisms in several cultures ( Figure 1B ).
261
Instead, these three MAGs contained a complete chlorate reduction pathway (clr, cld, and a 262 terminal oxidase) (Supplemental Figure 1 ).
264
The putative chlorate-reducing bacteria accounted for 69-90% of cells in the perchlorate-reducing 265 cultures ( Figure 1B) , which is similar to what we previously observed in a perchlorate-enriched Pseudomonas stutzeri CAL confirmed the strains to be strictly chlorate-respiring microorganisms,
271
as no perchlorate was consumed after two weeks of incubation (data not shown) or co-272 metabolized during dissimilatory chlorate reduction by any strain ( Figure 1D growth of PDA strains lacking clrA but not PDA strains lacking cld ( Figure 3A ).
317
In the co-cultures inoculated with equal cell densities of PS and PDA, growth of wild type PDA 318 was characterized by a final relative abundance of 27% (final ratio PDA/PS = 0.37) ( Figure 3B ).
319
In contrast, deletion of any steps of the chlorate reduction pathway prevented growth of PDA: the 320 final abundance of PDA deletion strains (PDA del /PS < 0.048) was equivalent to that expected with 321 no growth of PDA (PDA/PS < 0.060) ( Figure 3A 
347
of the community (Figure 3) ? More generally, how can a population with the partial pathway outcompete a population with the complete pathway up to a factor of nearly ten (Figures 1-2) ? To 349 answer these questions, we used simulations of an Equilibrium Chemistry Approximation kinetics 350 model, which included the effects of substrate competition within and between cells. We focused 351 on the theoretical case where (1) the kinetics of chlorite and oxygen are ignored and (2) led to the accumulation of chlorate during perchlorate reduction ( Figure 4A ). Importantly, growth 358 rate was lower while the ClO 3 -:ClO 4 ratio was low ( Figure 4B ). Chlorate influenced growth rate 359 so strongly because chlorate reduction to chloride provided more energy (622.9 kJ/mol chlorate) 360 than perchlorate reduction to chlorate (211.7 kJ/mol perchlorate). At low ClO 3 -:ClO 4 ratios, the 361 perchlorate-reducing population was less likely to reduce chlorate and more likely to reduce 362 perchlorate ( Figure 4C ).
364
Accordingly, we hypothesized that a population that could only reduce chlorate would have a 365 higher growth rate at low ClO 3 -:ClO 4 ratios than the perchlorate-reducing population. We tested 366 this by adding the chlorate-reducing population to the simulation at equal initial concentration.
367
The chlorate-reducing population outcompeted the perchlorate-reducing population and decreased 368 the concentration of chlorate ( Figure 4D ), consistent with experimental observations. In support 369 of our hypothesis, at low ClO 3 -:ClO 4 ratios the chlorate-reducing population consumed almost all 370 of the chlorate and had a higher growth rate (about 2-fold) than the perchlorate-reducing 371 population ( Figure 4E ). With chlorate-reducing cells present, the consumption of chlorate delayed 372 the increase of the ClO 3 -:ClO 4 ratio ( Figures 4B and 4E) . Thus, in this simple theoretical case, 373 chlorate-reducing cells had a growth advantage because they, unlike perchlorate-reducing cells, could consume chlorate at high perchlorate concentrations ( Figure 4F) . Additionally, the 375 consumption of chlorate by chlorate-reducing bacteria created a positive feedback by maintaining 376 a low ClO 3 -:ClO 4 ratio ( Figures 4C and 4F ).
378
We used additional simulations to observe how initial conditions affect the interaction. Varying 379 the initial ratio of chlorate-reducing cells to perchlorate-reducing cells did not alter the ecological Figure 4E) . Also, varying the affinity of different populations for perchlorate 387 or chlorate altered the ecological success of chlorate-reducing cells (Supplemental Figure 5 ).
388
While not necessarily predictive of behavior in the environment or over different temporal and 389 spatial scales, these simulations provide an intuitive description of the interaction: chlorate-390 reducing cells exploit a niche made available by differences in enzyme kinetics and substrates. Interactions like that described here, where low accumulation of an intermediate supports large
427
populations with a partial respiratory pathway, may be common across elemental cycles. Some 428 evidence exists for the importance of these interactions in denitrification, for example.
429
Pseudomonas strain G9, which contains a complete denitrification pathway producing inhibitory reduction pathway (red) accumulates chlorate, which can react with reductants and generate 806 reactive chlorine species (gray) or be consumed by the chlorate reduction pathway (orange). We
